Introduction
Nowadays, and especially in the tropics, the rice cropping system is shifting from transplanting to direct sowing because it is less labor intensive (Erguiza et al. 1990 ). For the establishment of such a direct sowing system, strong seedling vigor is one of the most important agronomic traits. The level of seedling vigor is determined by many morphological and physiological traits, among which the germination rate and early seedling growth are the major targets in a breeding program (Williams and Peterson 1973, Sasahara et al. 1986) . Moreover, several studies have suggested that phytohormones, such as gibberellin and auxin, are important for their control (Oikawa et al. 2004 , Chhun et al. 2007 , Lo et al. 2008 .
Previous attempts to characterize important agronomic traits have revealed that almost all agronomic traits are controlled by a complex interaction of multiple genetic and environmental factors (Lu et al. 1997 , Yano, 2001 . Consequently, quantitative trait locus (QTL) analysis is one of the most powerful tools to identify genetic factors for these agronomic traits. So far, some QTL genes involved in some important agronomic traits have been isolated and characterized by a positional cloning strategy based on QTL analysis (reviewed in Miura et al. 2011) . Generally speaking, however, such a strategy could be time consuming and difficult in isolating casual gene(s) of the QTL, especially with minor effect, relative to a mutant-based genetic approach.
Microarray-based transcriptome profiling studies have been primarily used to address gene regulations related to morphological and physiological traits of animals and plants. However, results from these studies tend to identify a large number of differentially expressed genes due to the complex interactions between various signaling pathways. Previously, a report combining expression profiling using microarrays with genetic mapping significantly contributed to the isolation of genetic factors in animal research (Aitman et al. 1999) . However, the identification of QTL genes using this approach has never been reported in plants.
This study is the first to use this new approach for the isolation of QTL genes in rice; we conducted combined QTL mapping and microarray profiling analyses to identify QTL genes for seedling vigor at the initial growth stage. Our QTL analysis identified two QTLs, early-stage plant development1/2 (qEPD1 and qEPD2) for increasing plant height and/ or leaf sheath length at the initial growth stage. By combining QTL mapping and microarray profiling, we predicted that qEPD1 or qEPD2 correspond to gibberellin 20 oxidase-1 or -2 genes (OsGA20ox1, 2), respectively, and confirmed this prediction by complementation analysis. Our study demonstrated that the integration of QTL mapping and expression profiling could be a powerful method to narrow down the number of candidate genes for QTL(s) of interest.
Results

qEPD2 is a major QTL for plant height at the initial growth stage in rice
We used the Habataki (indica) and Koshihikari (japonica) cultivars as the respective low and high seedling growth cultivars at the initial growth stage (Fig. 1A) . After 30 d of germination, the average plant height of Koshihikari was 13.81 cm, whereas that of Habataki was 12.35 cm (Fig. 1A, B ; Supplementary  Table S1 ). Since the plant height (PH) of rice seedling depends on the total of leaf sheath length (LSL) and leaf blade length (LBL), we measured the LBL and LSL ( Fig. 1C, D ; Supplementary Table S1 ). The average LSL of Koshihikari and Habataki was 6.91 and 4.88 cm, respectively ( Fig. 1C ; Supplementary Table S1), but there was no significant difference in the LBL ( Fig. 1D; Supplementary Table S1 ). These results demonstrate that the initial growth vigor of Koshihikari is mainly due to its longer leaf sheath.
To identify genes for increasing PH and LSL at the initial growth stage, we conducted QTL analysis by using 82 backcross inbred lines (BILs) derived from these two parents (Supplementary Table S1 ). The PH of 82 BILs varied from 9.73 to 25.48 cm, whereas the LSL varied from 4.08 to 10.88 cm at 30 d after germination ( Fig. 2A, B ; Supplementary Table S1 ). The frequency of PH and LSL showed an almost normal distribution with a transgressive segregation ( Fig. 2A, B) . We also conducted QTL analysis of the total culm length (CL) at the heading stage, because we were interested in the difference in PH between the initial growth and the heading stages. CL also showed a continuous frequency 
Leaf sheath length (cm) Leaf blade length (cm) (continued) distribution with a transgressive segregation ( Fig. 2C ; Supplementary Table S1) .
For PH, one QTL, qPH-3.1 [logarithm of odds (LOD) score = 5.2], was identified within a 25 cM region between markers A-1369Tc and A-362Tc on the bottom part of chromosome 3; this QTL can explain 24.8% of the total phenotypic variation (Fig. 2D, Table 1 ; Supplementary Fig. S1B ). Three QTLs for LSL at the initial growth stage were mapped on chromosomes 1 (qLSL-1.1), 3 (qLSL-3.1) and 11 (qLSL-11.1) (Fig. 2D, Table 1 ). Among these QTLs, qLSL-1.1 (LOD = 4.0), qLSL-3.1 (LOD = 3.9) and qLSL-11.1 (LOD = 3.5) explained 20.3, 19.0 and 16.0% of the total phenotypic variations, respectively (Fig. 2D, Table 1 ; Supplementary Fig. S1A ). Consistent with the high PH of Koshihikari being closely linked to its long LSL (Fig. 1) , qPH-3.1 for PH and qLSL-3.1 for LSL were co-localized between the same markers on chromosome 3 (Fig. 2D , Table 1 ). We also performed the QTL analysis of CL using the same BIL population. Two QTLs [qCL-1.1 (LOD = 3.5) and qCL-1.2 (LOD = 4.2)] were detected in the 141.2 and 166.2 cM region on the long arm of chromosome 1 (Fig. 2D , Table 1 ). qCL-1.1 overlapped with the genomic position of qLSL-1.1 for LSL ( Table 1 ), suggesting that qCL-1.1 might be identical to qLSL-1.1. However, we did not detect a significant LOD peak for CL around the qPH-3.1 region on chromosome 3. From previous QTL analyses of rice CL, many QTLs have been identified around the SD1 locus encoding OsGA20ox2 on chromosome 1. Gibberellin is a phytohormone that plays important roles in many aspects of plant growth and development, such as seed germination, stem elongation and flower development (Yamaguchi and Kamiya 2000) . Further, by using similar BIL population of Koshihikari and Habataki, Ashikari et al. (2005) identified a QTL for plant height present close to the SD1 locus, and reported that Habataki has a loss-of-function allele of SD1 with a 383 bp deletion, which shortens the CL via partial inhibition of gibberellin biosynthesis in Habataki. Since the SD1 gene was mapped within the qLSL-1.1 and qCL-1.1 region, it is likely that these two QTLs might be identical to SD1 (see below). In contrast, qCL-1.2, which is located downstream of the SD1 locus, shared a similar interval with qCL1b that was recently identified as a novel QTL for CL (Asano et al. 2011) .
Together, these observations suggest that there are at least three QTL genes responsible for the initial growth vigor of Koshihikari. Among these QTLs, qPH-3.1 is likely to be a stage-specific QTL for PH and LSL at the initial growth stage, whereas qLSL-1.1 is likely to function in the modulation of PH throughout the life cycle. Thus, for further studies, we focused on these two QTLs and renamed them early-stage plant development1/2 [qEPD1 (qLSL-1.1) and qEPD2 (qPH-3.1)]. Because there was no significant difference in SLs carrying the Habataki allele of qLSL-11.1 (data not shown), we did not choose qLSL-11.1 for the following experiments.
Production of SLs and QTL confirmation
To evaluate further the effect of qEPD1/2 at the initial growth stage, we produced two SL lines, SL qEPD1 and SL
qEPD2
, carrying a chromosome segment of Habataki on qEPD1 and qEPD2 in the Koshihikari background ( Supplementary Fig. S2A, B) . Since our QTL analyses suggested that Koshihikari alleles of qEPD1 and qEPD2 promote the PH and/or LSL values (Fig. 2D showed mild dwarfism (Fig. 1A) , and its PH and LSL were decreased significantly at the initial growth stage compared with Koshihikari (Fig. 1B, C) . In contrast, there was no obvious difference in PH and LSL between SL qEPD1 and Koshihikari ( Fig. 1A-C) . These results indicate that qEPD2 is a major QTL for determining PH and LSL, whereas qEPD1 is a minor QTL at least at the initial growth stage.
The microarray analysis identified 55 and 45 differentially expressed genes located at the qEPD1/2 locus To scout QTL genes for qEPD1 and qEPD2, we performed expression profiling to narrow down the numerous candidate genes for each QTL. Expression profiling with the rice 44K Agilent microarray was conducted using RNAs extracted from the 30-day-old vegetative stem of SLs and Koshihikari seedlings. Each data set was obtained from three biological replicates. The statistical analysis of microarray data identified 7,584 differentially expressed genes with significant expression change between SL qEPD2 and Koshihikari; 6,431 genes were differentially expressed between SL qEPD1 and Koshihikari (see the Materials and Methods). We mapped these differentially expressed genes on the rice genome (RAP-DB Build 5) to identify the candidate genes present within the QTL interval of qEPD1 and qEPD2. Within the 3.2 Mbp physical interval of qEPD2, 506 gene loci were predicted in the RAP-DB database, 429 of which were represented in the 44K Agilent microarray slide. By mapping 7,584 differentially expressed genes in SL qEPD2 , we identified a total of 45 genes located within the interval of qEPD2 ( Supplementary Fig. S1B , C, Supplementary Table S2) . To validate the microarray data, semi-quantitative reverse transcription-PCR (semi-qRT-PCR) was performed on seven differentially expressed genes, which are located nearest to the qEPD2 peak (Supplementary Table S2 ; see below). In the semi-qRT-PCR experiment, all the tested genes showed expression patterns similar to those estimated by the microarray analysis ( Fig. 3A) , indicating that our microarray data are reliable enough for the following analysis. Similarly, we detected 55 differentially expressed genes between SL qEPD1 and Koshihikari A-1185Gc
Leaf sheath length (LSL) Table S3 ). Thus, we confirmed that SD1 was included among these 55 genes. Next, we compared the genomic positions of candidate genes with those of each corresponding QTL peak. In the case of qEPD1, SD1 was the 18th nearest gene to the qEPD1 peak (Supplementary Table S3 ). In the qEPD2 region, we found that GA20ox1 was the second nearest gene to the qEPD2 peak ( Supplementary Fig. S1C , Supplementary Table  S2 ), indicating that GA20ox1 is a good candidate for the qEPD2 casual gene. These results indicate that a positional comparison between QTL and its candidate genes might be highly effective for screening QTL genes. Moreover, we examined the precise expression level of OsGA20ox1 and OsGA20ox2/SD1 in SLs and two parent cultivars by using qRT-PCR (Fig. 3B) . The OsGA20ox1 expression level was significantly lower in SL qEPD2 than in Koshihikari and it was similar to that in Habataki. However, no significant difference in its expression level was observed between SL qEPD1 and Koshihikari (Fig. 3B) . These data strongly suggest that the difference in the OsGA20ox1 expression level between Koshihikari and Habataki might lead to the occurrence of qEPD2. Conversely, the expression of OsGA20ox2/SD1 in SL qEPD1 was lower than that in Koshihikari and SL
, but similar to that in Habataki (Fig. 3B) . As described above, since Habataki has a loss-of-function allele of GA20ox/SD1 (Ashikari et al. 2005) , this might be reflected by the rapid degradation of its truncated mRNA from the Habataki allele. Our qRT-PCR results demonstrated that the level of OsGA20ox1 mRNA was higher than that of OsGA20ox2/ SD1 in both cultivars at the initial growth stage (Fig. 3B) . This also indicates that OsGA20ox1 is a dominant gene at the initial growth stage, in agreement with the phenotypic differences observed between SL qEPD1 and SL qEPD2 (Fig. 1A) . To confirm whether reduction of GA20ox1 expression in Habataki and SL qEPD2 affects gibberellin homeostasis during initial growth, we measured the endogenous gibberellin content of SLs and their parents (Fig. 3C, D) . In vegetative stems at the initial growth stage, SL qEPD2 showed a lower amount of a bioactive gibberellin (GA 1 ), which is biosynthesized dominantly during the vegetative stage, than Koshihikari (Fig. 3C) . 
GA20ox1 SD1
Relative mRNA level 
pmol / g fr. wt. pmol / g fr. wt. However, the GA 1 level in SL qEPD2 was similar to that in Habataki (Fig. 3C) . GA20ox is a key enzyme that catalyzes three stepwise reactions to produce a precursor of GA 1 , GA 20 (Sakamoto et al. 2004) . Consistently, we found that the GA 20 level was also reduced in both SL qEPD2 and Habataki relative to Koshihikari (Fig. 3D) . On the other hand, there was no significant difference in the levels of GA 1 and GA 20 between SL qEPD1 and Koshihikari, which was consistent with the normal PH observed in SL qEPD1 (Fig. 1A) . Taken together, these results suggest that the Habataki allele of qEPD2 greatly reduces the endogenous gibberellin level by suppression of GA20ox1 expression.
qEPD2 is identical to the OsGA20ox1 locus To confirm that OsGA20ox1 and OsGA20ox2/SD1 are responsible for qEPD1 and qEPD2, we first used an artificial microRNA (amiRNA) approach to reduce the expression of the OsGA20ox1 or OsGA20ox2/SD1 genes. Two 21 nucleotide amiRNA sequences, which specifically target either the OsGA20ox1 or OsGA20ox2/SD1 gene, were expressed under the control of a maize ubiquitin promoter in Koshihikari. In both amiRNA transformant lines, expression of their target genes was specifically decreased (Fig. 4A, B) . The Koshihikari plants expressing the OsGA20ox1 or OsGA20ox2/SD1 amiRNA exhibited the dwarf phenotypes in association with a shortened leaf sheath and leaf blade (Fig. 4C, D, E) . We noticed that the OsGA20ox1 amiRNA line showed a more severe dwarf phenotype than the OsGA20ox2/SD1 amiRNA and control lines (Fig. 4C, D, E) ; this observation is consistent with the higher expression of OsGA20ox1 than of OsGA20ox2/SD1 at the initial growth stage (Fig. 3B) . These data also support the hypothesis that OsGA20ox1 might contribute to qEPD2. On the other hand, OsGA20ox2/SD1 amiRNA showed a minor but not significant reduction of PH, LSL and LBL, compared with the control lines (Fig. 4C, D, E) . This result is inconsistent with the SL qEPD1 phenotype and may be caused by a very slight reduction of OsGA20ox1 (Fig. 4A) .
We also compared the 6 kb genomic OsGA20ox1 sequence between the Koshihikari and Habataki alleles (Fig. 5A ). There were no nucleotide substitutions in the coding region. However, there were two substitutions upstream (at 1,662 and 1,024 bp) from the translational start site and one substitution downstream (at 1,866 bp) (Fig. 5A) . We expected that two substitutions in the OsGA20ox1 promoter might be casual mutations of qEPD2 affecting its expression level. Therefore, we cloned these 6 kb genomic fragments of OsGA20ox1 from Koshihikari and Habataki (OsGA20ox1 Koshi and OsGA20ox1 Haba ), and then transformed each fragment into SL qEPD2 (Fig. 5A, B) . The OsGA20ox1 Koshi plants showed significantly longer PH and LSL than the plants transformed with the vector control and OsGA20ox1
Haba (Fig. 5B-D) , confirming the hypothesis that OsGA20ox1 corresponds to qEPD2. However, the SL qEPD2 plants expressing OsGA20ox1 Haba exhibited no obvious differences in comparison with the control plants . Phenotypic values of each amiRNA transformant were statistically compared with those of vector lines, based on a heteroscedastic t-test. *P < 0.05; **P < 0.01 (t-test).
( Fig. 5B-D) , indicating that the Habataki allele of OsGA20ox1 might not function significantly in the Koshihikari background. In all the tested plants, there was no significant difference in the LBL (Fig. 5E) . Discussion qEPD2 encodes a gibberellin biosynthesis enzyme, OsGA20ox1
In this study, we performed QTL mapping analysis in combination with microarray profiling using a BIL population between Koshihikari and Habataki; we identified two QTLs (qEPD1 and qEPD2), the Koshihikari allele of which promotes the PH and/or LSL at the initial growth stage (Fig. 2D) . Consistently, the introduction of the Habataki qEPD2 allele caused a reduction in endogenous gibberellin content in association with repressing OsGA20ox1 expression (Fig. 3C, D) . Moreover, a complementation test showed that Koshihikari OsGA20ox1 rescued dwarfism under a SL qEPD2 background (Fig. 5B-D) . Therefore, we concluded that one of these QTL genes, qEPD2, encodes OsGA20ox1, which is the enzyme responsible for catalyzing the penultimate steps in gibberellin biosynthesis (Sakamoto et al. 2004 ). On the other hand, we hypothesized that its paralog, OsGA20ox2/SD1, might be a casual gene of another QTL, qEPD1, because qEPD1 was located close to OsGA20ox2/SD1. This hypothesis was consistent with our finding that the expression of OsGA20ox2/SD1 was decreased at the initial growth stage in Habataki and SL qEPD1 (Fig. 3B) . OsGA20ox2 is known as the 'green revolution gene'; a mutant with a loss of function, sd1, exhibits semi-dwarfism, making it suitable for generating stable high yields under high nitrogen fertilization . In the present study, our results provided another locus of GA20ox as a new breeding target to promote plant stature at the initial growth stage in rice.
Distribution of qEPD2 across rice cultivars
In the present study, a major QTL (qEPD2) for PH and LSL at the initial growth stage was identified at the bottom end of chromosome 3 (Fig. 2D) . So far, many QTL analyses for rice seedling traits have been reported using different mapping populations. Among them, some QTLs for seedling height, including qHEJ-3, 3.5 and ph3, have been identified and were mapped around the qEPD2 region (Yan et al. 1998 , Li et al. 2003 , Abdelkhalik et al. 2005 , MacMillan et al. 2006 , Onishi et al. 2007 . Recently, Abe et al. (2012) conducted QTL analyses for PH at the young seedling stage using the recombinant inbred lines derived from Kakehashi and Dunghan Shali, and identified a QTL, qSHL3-2, for PH with a major effect at a similar position in chromosome 3. Moreover, fine mapping of qSHL3-2 suggested that the QTL was located in a 94 kb interval harboring the OsGA20ox1 locus on chromosome 3. Like us (Fig. 5A) , they detected several nucleotide substitutions in the 5 0 -flanking region of the OsGA20ox1 gene, which might cause the difference observed in its expression level. Taken together, considering that we identified the same QTL gene responsible for the initial growth rate by using different inbred lines derived from different parent sets, qEPD2 might be distributed across at least several rice cultivars.
Dominant role of qEPD2 during rice initial growth
Our results suggested that qEPD2 mainly affects plant stature at the initial growth stage but not at the heading stage. In contrast, qEPD1 (also referred as qCL-1.1) modulates plant stature at both the initial growth and the heading stages, but with stronger effects at the heading stage (Fig. 2D, Table 1 ). These QTL analyses lead us to hypothesize that OsGA20ox1 among four GA20ox enzymes has a dominant role in regulating plant stature at the initial growth stage, whereas OsGA20ox2/SD1 is mainly required in regulating plant stature at the heading stage. Consistently, SL qEPD2 carrying the Habataki OsGA20ox1 (qEPD2) allele exhibited a significant reduction in PH and LSL values at the initial growth stage, whereas SL qEPD1 carrying the Habataki sd1 allele did not (Fig. 5) . In addition, this phenotypic difference correlated well with the difference in endogenous gibberellin content between SL qEPD1 and SL qEPD2 at the initial growth stage (Fig. 3C, D) . In contrast, a previous genetic study demonstrated that the introgression of the Habataki sd1 allele into Koshihikari shows almost the same extent of dwarfism as Habataki at the heading stage (Ashikari et al. 2005) . Moreover, we found that the expression level of OsGA20ox1 is higher than that of OsGA20ox2/SD1 in young seedlings of both cultivars (Fig. 3B) . Additionally, Sakamoto et al. (2004) showed that OsGA20ox2/ SD1 is expressed more strongly at the elongating stem stage than OsGA20ox1 or other OsGA20ox genes at the heading stage. This reverse expression pattern of OsGA20ox1 and OsGA20ox2/ SD1 can be confirmed in the public microarray database RiceXPro (http://ricexpro.dna.affrc.go.jp/). Consistent with these expression patterns of OsGA20ox1 and OsGA20ox2/SD1, a reduction in OsGA20ox1 mRNA caused more severe dwarfism than in OsGA20ox2/SD1 mRNA at the initial growth stage (Fig. 4D) . Taken together, we can reach the following conclusions: the expression level of OsGA20ox1 is higher than that of OsGA20ox2/SD1 at the initial growth stage, whereas the expression level of OsGA20ox2/SD1 is higher than that of OsGA20ox1 at the heading stage. Consequently, the major QTL gene involved dominantly in plant height at the initial growth stage corresponds to OsGA20ox1 (qEPD2), whereas that at the heading stage is OsGA20ox2/SD1.
Utility of combined QTL mapping and microarray profiling analyses
In animal systems, studies combining microarray data and genetic mapping have contributed significantly to gene discovery (Aitman et al. 1999) . Very recently, a few research groups performed a combination of QTL mapping and microarray analyses for several agricultural traits of rice and predicted candidate QTL gene(s) involved in agricultural traits (Deshmukh et al. 2010 , Pandit et al. 2010 ). However, they have not shown any direct evidence that these candidates include a bona fide gene responsible for the agricultural traits of interest, since each QTL gene remains to be identified. To our knowledge, this is the first report to validate the combination of QTL mapping and microarray analyses for easy screening of genes located on the candidate region. In this study, we selected 55 and 45 candidate genes from about 500 gene loci localized within the qEPD1 or qEPD2 regions (Supplementary Tables S2, S3 ); this selection was based on the results of QTL mapping and microarray profiling using SL qEPD1 and SL
qEPD2
. When comparing the genomic position of each candidate gene with that of the corresponding QTL peak, OsGA20ox1 was the second closest gene to the qEPD2 QTL peak, whereas SD1 was the 18th closest gene to the qEPD1 QTL peak (Supplementary Tables S2, S3 ). These results suggest that combining QTL mapping and microarray analyses is a novel and powerful QTL mapping method to narrow down successfully the number of candidate genes in a shorter time compared with conventional QTL mapping.
Materials and Methods
Plant materials
We used a population of 82 BILs (BC 1 F 12 ) derived from a cross between Koshihikari (japonica) and Habataki (indica) to identify QTLs for seedling traits at the initial growth stage and CL at the heading stage. Seeds of all the lines were immersed in water for 2 d and then sown into the cell plug tray (cell count, 14 Â 32; tray size, 540 Â 280 mm; depth of cell, 30 mm). These lines were first grown under greenhouse conditions (15 h of daylight, 25 C) until 30 d after the germination to evaluate seedling traits; then, they were transplanted to the paddy field to measure CL at the heading stage. The phenotypic evaluation in BILs was conducted in three or four replicates. SLs were selected from the BC 4 F 2 generation.
Linkage map construction and QTL analysis
For construction of the linkage map, the genotypes of BILs and SLs were determined by using PCR-based markers, including four simple sequence repeat (SSR) markers (McCouch et al. 2002 , Ware et al. 2002 and 140 single nucleotide polymorphism (SNP) markers identified from the genomic sequences of each parent. Total DNA was extracted using the TPS method, as described previously (Miura et al. 2008) . Genotyping using these SNP markers was conducted according to the manufacturer's protocol for the AcycloPrime-FP SNP Detection System (Perkin-Elmer). The linkage and map distances were determined using Mapmaker/Exp 3.0 software (Lander et al. 1987) . Single QTL analysis was used for QTL analysis of BILs using the package 'R/qtl' (R/qt1.19-20) of the R software (Broman et al. 2003) . A threshold LOD score for each trait was determined at a significance level of 0.05, by conducting 1,000 permutation tests. The additive effect and the phenotypic variance explained by each QTL (R 2 ) were estimated at the maximum LOD score. Physical positions (in bp) of the QTL peak and its interval were obtained by the 'eqtl' package of the R software (the QTL's Support Interval was 1.5 and the window size was 15) and utilized for selection of QTL candidate genes.
Plasmid construction
The sequences of the primers used in this study are listed in Supplementary Table S4 . All PCR fragments were sequenced to confirm that no mutations were introduced.
For complementation analysis, OsGA20ox1 genomic fragments were amplified from the Koshihikari and Habataki genomes using the GA20ox1-compU and GA20ox1-compL primers. The resulting PCR fragments contained a BamHI site at their 5 0 end and an EcoRI site at their 3 0 end. These BamHIEcoRI fragments were then inserted into the BamHI-EcoRI sites of a binary vector carrying kanamycin and hygromycin resistance genes, pCAMBIA1380 (www.cambia.org).
For amiRNA construction, we used a customized version of the online tool WMD3 (http://wmd3.weigelworld.org/cgi-bin/ webapp.cgi) to select the specific amiRNA sequences for SD1 and GA20ox1 (Warthmann et al. 2008) . As described by Warthmann et al. (2008) , these predicted amiRNA sequences (GA20ox1, TAATATAATATCGTGCGACCA; SD1, CCGCTGTA CATATTCATATAT) were incorporated into the natural osa-MIR528 precursor by a chain of PCRs using the universal primers G11491/G11494 and four specific primers designed in WMD3. The modified osa-MIR528 precursor with each amiRNA sequence was then cloned into the proUBQpCAMBIA1380 plasmid with the maize ubiquitin promoter.
All chimeric plasmids were transformed into the Agrobacterium tumefaciens strain EHA105 and used to infect rice calli according to previous reports (Hiei et al. 1994 , Hiei et al. 2008 . The transformed cells and plants were selected by hygromycin and then regenerants were grown to maturity in pots in a greenhouse.
RT-PCR/qRT-PCR
By using the RNeasy mini kit (Qiagen), total RNA was extracted from the plant stem at 30 d after sowing (1 cm long above the ground). The first strand of cDNA was synthesized from 1 mg of total RNA using the Omniscript reverse transcription kit (Qiagen). Transcripts were quantified by RT-PCR or real-time RT-PCR analyses using one-twentieth of the resulting cDNA as template. Real-time RT-PCR was performed with the LightCycler system (Roche) and using the SYBR Green PCR kit (Qiagen). For qRT-PCR analysis, a linear standard curve and threshold cycle number vs. log (designated transcript level) were constructed using a series of dilutions of each plasmid carrying the corresponding DNA fragment (10 À17 , 10 À19 , 10 À21 and 10 À23 M). For RT-PCR analysis, an adequate volume of each cDNA sample was used for PCR amplification with different numbers of cycles (20-35 cycles) to confirm the linear range of PCR amplification for each gene. The results were confirmed using three independent biological replicates. The ACTIN1 gene from rice was used as an internal standard for normalizing cDNA concentration variations. The primer sequences used in this study are listed in Supplementary  Table S4 .
Quantitative analysis of the endogenous gibberellins
Young seedling were harvested at 14 d after sowing and temporarily stored at À80 C until analysis. The concentrations of gibberellins were measured with the MS-probe modification method as previously described (Kojima et al. 2009 ). In brief, the extract was passed through an Oasis HLB column (Waters), and the gibberellin-containing fraction was then isolated by solid-phase extraction with an Oasis MCX column (Waters). After modification with MS-probe, measurement of gibberellin was performed using a liquid chromatography-tandem mass chromatography system (AQUITY UPLC TM System/XEVO-TQS; Waters) with an ODS column (AQUITY UPLC BEH C 18 , 1.7 mm, 2.1 Â 100 mm, Waters). Data were processed by MassLynx TM software with QuanLynx TM (version 4.0, Waters).
Microarray data analysis
Agilent 44K rice oligoarrays (Agilent Technologies), which contain 44,000 features, were used for one-color oligoarrays in this study. Each feature consists of a 60-mer oligonucleotide corresponding to a full-length cDNA of rice. By using the RNeasy plant mini kit, total RNA was extracted from the plant stem at 30 d after sowing (1 cm long above the ground). Three biological replicate sample sets were analyzed using RNA samples that had been isolated independently. All microarray experiments were performed according to the manufacturer's manual. The Feature Extraction software (Agilent Technologies) was used to delineate and measure the signal intensity of each spot in the array. The resulting data were normalized using the variance stabilization (VSN) algorithm (Huber et al., 2002) . To identify differentially expressed genes between the wild type and SLs, the normalized data were statistically analyzed using a simple non-parametric statistical method based on the ranks of fold changes, rank product method as described by Breitling et al. (2004) . The P-value cut-off was set to 0.01, and the multiple testing was taken into account using the percentage of false prediction (pfp < 0.05) (Breitling et al. 2004 , Hong et al. 2006 . Finally, the probes with low raw signal intensity (<100) in at least five of six array data sets were discarded. The physical positions of genes were retrieved from RAP-DB (http://rapdb. dna.affrc.go.jp/) and used to map the physical genomic region of the QTL. The rice oligomicroarray with 45,220 probes for this study is registered as GPL15219 in GEO at NCBI (http://www.ncbi.nlm .nih.gov/geo/). All microarray data from this study were deposited to the GEO repository under the accession number GSE35762.
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Supplementary data are available at PCP online. 
